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A series of experiments was performed to determine how the visual system computes the transmittance of inhomogeneous surfaces
and media. Previous work (Anderson, B. L. (1999) Stereoscopic surface perception. Neuron, 26, 919–928; Anderson, B. L. (2003) The
role of occlusion in the perception of depth, lightness, and opacity. Psychological Review, 110, 762–784) has suggested that the visual
system employs a transmittance anchoring principle in determining when transparency is perceived. This principle states that the visual
system interprets the highest contrast region along contours and surfaces as a region in plain view and uses this anchor as a reference
point for transparency computations. In particular, recent work has shown that the transmittance of homogeneous transparent surfaces
is well described by a ratio of contrasts model (Singh, M., & Anderson, B. L. (2002). Toward a perceptual theory of transparency.
Psychological Review, 109, 492–519). In this model, the transmittance of a transparent surface is determined by the contrast of a trans-
parent image region normalized by the contrast of the region in plain view. Here, a series of experiments is reported that assesses this
model for inhomogeneous transparent surfaces that vary in both space and time. The results of these experiments reveal that transmit-
tance anchoring has both a spatial and temporal component, and that the perceived transmittance of transparent surfaces is well
described by a ratio of perceived contrasts model.
 2005 Elsevier Ltd. All rights reserved.
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A fundamental problem in vision science is determining
how the visual system decomposes images into the separate
physical causes that are responsible for their formation.
One of the most phenomenally salient forms of decomposi-
tion occurs in the perception of transparency. To recover
scene structure in such contexts, the visual system must
decompose the image along common lines of sight and
compute the properties of both the transparent media
and the underlying surfaces. During the past few decades,
a growing body of data has shed light on how the visual
system accomplishes this complex task. Metelli’s (1970,
1974; Metelli et al., 1985) pioneering work provided a0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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that must be present for an image to be consistent with
transparency, and inspired a host of studies into the per-
ceptual abilities that support the perception of transparen-
cy (Anderson, 1997, 1999, 2003; Beck & Ivry, 1988; Beck,
Prazdny, & Ivry, 1984; D’Zmura, Colantoni, Knoblauch,
& Laget, 1997; Faul & Ekroll, 2002; Gerbino, Stultiens,
Troost, & de Weert, 1990; Kasrai & Kingdom, 2001;
Robillotto, Khang, & Zaidi, 2002; Robillotto & Zaidi,
2004; Singh, 2004; Singh & Anderson, 2002a, 2002b).
Metelli’s model was based on a simple physical setup: a
two-toned background visible through a rotating fan blade
(an episcotister). Metelli derived simple algebraic relation-
ships between the reﬂectance values generated by surfaces
in plain view, to the reﬂectance and transmittance values
of the regions covered by the episcotister. The majority
of these studies concluded that the perception of transpar-
Fig. 1. A depiction of Metelli’s episcotister display. (A) A disk with a
missing sector is rapidly rotated over a two-toned background, generating
a four-toned image that generates a percept of a transparent layer similar
to that depicted in (B).
B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995 1983ency is well predicted by Metelli’s model, suggesting that
the visual system essentially inverts the image generation
process to recover scene structure under conditions of
transparency.
More recently, however, work from our (Singh &
Anderson, 2000, 2002a, 2002b, 2005) and subsequently
other labs (Robillotto et al., 2002; Robillotto & Zaidi,
2004) has revealed some fundamental failures of Metelli’s
model. Although Metelli derived separate expressions for
the transmittance and reﬂectance of a homogenous (or
‘‘balanced’’) transparent surface, none of the previous per-
ceptual experiments performed to assess his model required
observers to independently judge these two properties.
Recently, however, we experimentally uncoupled these
dimensions and had observers perform separate judgments
of the transmittance and lightness of transparent surfaces.
These experiments revealed large and systematic departures
from the predictions of Metelli’s model. Our most robust
ﬁnding involved the perception of surface transmittance
in transparency displays with sinusoidal textures: whereas
Metelli’s model predicts the transmittance of transparent
surface is determined by the ratio of luminance diﬀerences
between the region of transparency to the surfaces in plain
view, our work revealed that perceived transmittance
scaled instead with Michelson contrast—thereby indicating
that Metelli’s formula involving the ratio of luminance dif-
ferences should be replaced with the ratio of Michelson
contrasts. Similar results were subsequently obtained by
Robillotto et al. (2002) and Robillotto and Zaidi (2004).
However, in their displays, Michelson contrast (and other
tested measures of contrast) failed to capture the perceived
contrast of their targets; nonetheless, they found that per-
ceived contrast did a good job in capturing perceived trans-
mittance of their displays. It is important to emphasize that
the results from both groups demonstrated the inadequacy
of Metelli’s model in predicting human perception1, and
show that the visual system employs computational strate-
gies that generate systematic errors in computing the prop-
erties of transparent surfaces. The importance of this for
perceptual theory cannot be underestimated. Although it
is common to treat visual perception as an ‘‘inverse optics’’
problem, these transparency results reveal at least one
domain where such approaches fail to capture perceptual
experience.
Within the domain of transparency perception, the ﬁnd-
ing that the visual system uses contrast to compute the
transmittance of transparent layers raises a number of
questions. All natural scenes generate contrast variations.
How, then, does the visual system determine whether a
scene is being viewed in plain view or through a transparent
layer or medium? A simple thought experiment reveals the1 Ironically, Metelli (1974a) himself reported a signiﬁcant failure of his
model in explaining perception. He noted that a light episcotister appears
less transmissive than a dark episcotister even when they have identical
physical transmittances. However, no further mention was made about the
negative impact this fact had on the veracity of his model.problem confronted by the visual system once the possibil-
ity of transparent interpretations is allowed. In principle,
any image could arise from either viewing a scene in plain
view, or by viewing a higher-contrast scene through a con-
trast-reducing transparent layer. How, then, does the visual
system determine when a transparent surface is present?
More speciﬁcally, what image properties must be present
for the visual system to infer the presence of a transparent
layer? One of us (Anderson, 1999, 2003) has recently pro-
posed that the visual system employs a transmittance
anchoring principle (TAP) to compute transparency. The
intuition shaping the TAP is that the visual system embod-
ies a bias to assume the fewest surfaces necessary to
account for the image data. It is, in a sense, an ‘‘Occam’s
razor’’ in image interpretation. Speciﬁcally, the TAP states
that the visual system treats the highest-contrast regions
along contours (and surfaces) as regions in plain view,
and uses contrast reductions along contours or surfaces
to compute the presence of an overlying transparent sur-
face2. In this principle, the highest-contrast contour seg-
ment (or surface region) serves as an ‘‘anchor’’ that is
interpreted as a surface region in plain view. All other con-
trast values along the contour or surface are compared to
this anchor region, and reductions in contrast relative to
the anchor value are used to infer the presence of a trans-
parent layer.
To understand the role of the TAP in predicting when
transparency is or is not perceived, consider a variant of
the display generated by Metelli’s episcotister model
(Fig. 1). This stimulus generates four luminance values,
labeled a, b, p, and q. Metelli’s model was based on
knowledge of his physical setup: reﬂectances p and q were
written as a weighted sum of the reﬂectances of the back-
ground and the episcotister, whereas regions a and b are
the reﬂectances of the surfaces in plain view. Metelli’s
model predicts that transparency of the central disk
should only occur when the reﬂectance diﬀerence p–q
has the same sign as, and a magnitude no greater than,2 Strictly speaking, transparent surfaces or media need not cause a
reduction in the contrast of underlying features. This occurs when the
transparent surface does not contribute any luminance to the image. Note,
however, that this is a degenerate case that is physically equivalent to
changes in illumination (such as shadows).
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transparent layers cannot reverse the polarity of underly-
ing contours, and can only reduce (or leave unchanged)
the luminance diﬀerence across the underlying contour.
Metelli’s model focused on predicting when the central
region in his display appears to contain a transparent
layer, but it remains mute in explaining why transparency
is never reported in his displays in both the center and the
surround. Indeed, it is perfectly possible that diﬀerent
transparent layers exist in the center and surround simul-
taneously, yet no explanation is oﬀered for why this is
never perceived. The TAP ﬁlls this conceptual gap. Unlike
Metelli’s model, the TAP is a principle of perceptual infer-
ence, not a description of a particular physical setup, and
makes an explicit statement about why transparency is not
a ubiquitous percept in all images, or all image regions. It
states that the highest-contrast region of an image serves
as a transmittance anchor, and hence, predicts that there
should always be regions in an image that are perceived
in plain view.
In its original formulation, the TAP was applied to
static images containing sharply deﬁned contours that
separated regions of transparency and regions in plain
view (Anderson, 1999, 2003). However, the anchoring
principle is not restricted to a particular geometric con-
text, and can be extended to more complex scenes than
those described by Metelli’s model, or related models
that emphasize the ordinal luminance relationships across
contours and contour junctions (Adelson & Anandan,
1990; Anderson, 1997; Beck & Ivry, 1988). The TAP
only requires the presence of polarity-preserving contrast
variations along surfaces or contours to compute trans-
parency, and asserts that the highest contrast along a
contour or surface provides a quantitative reference
point that can be used to compute the transmittance of
transparent layers. So stated, this principle can be used
to predict when transparency will or will not be per-
ceived in images depicting any transparent or surface
media, including inhomogeneous media such as smoke
or fog. Moreover, our recent computational model of
transparency (Singh & Anderson, 2002a) allows us to
quantitatively predict the perceived transmittance of
any transparent surface: it states that the perceived trans-
mittance of a transparent region should equal the ratio
of the contrast of the transparent region to the contrast
of the region seen in plain view. Although recent work
has shown that the TAP is capable of qualitatively
explaining percepts of inhomogeneous transparency
(Anderson, 1999, 2003), to our knowledge no previous
study has explicitly measured the perceived opacity of
continuously varying media. One of the goals of this
paper is to ﬁll this experimental gap.
Although the concept of transmittance anchoring was
developed in the context of static images, there is nothing
in this principle that is inherently limited to such contexts.
Indeed, in natural scenes, transparent media can emerge
or disappear in time. The question naturally arises as towhether the transmittance anchoring plays any role in
the perception of transparency that varies in opacity over
both time and space. In particular, can temporal reduc-
tions in image contrast induce percepts of transparency?
If so, will the highest-contrast region in the temporal
sequence serve as an anchor point that is perceived as a
surface in plain view? The question is the second focus
of this paper.
2. Preliminary observations and stimuli
To explore these questions, we generated a stimulus in
which the spatial and temporal contrast could be manip-
ulated in a continuous manner. To this end, a random-dot
pattern was generated and its contrast was modulated in
both space and time. The images consisted of a random-
dot pattern modulated by a sinusoidal contrast envelope
(similar to those initially introduced to study second-order
motion; see Chubb & Sperling, 1988). To enhance the
percept of transparency and facilitate observers’ judg-
ments of surface transmittance, binocular disparity was
added to the contrast modulation so that it appeared in
front of the random-dot pattern, and this contrast enve-
lope was drifted over a (stationary) random-dot texture
(see Fig. 2 for a static example). Our preliminary observa-
tions with this stimulus revealed two signiﬁcant ﬁndings.
First, consistent with the spatial form of the TAP, the
region in the random-dot pattern containing the highest
contrast was perceived as a surface region in plain view,
independent of its absolute contrast. Second, if the contrast
of the entire pattern was spatially modulated in time (such
that all contrast values of the contrast-modulated random-
dot pattern changed over time), the highest contrast
region in this spatiotemporal sequence appeared as a sur-
face region in plain view, and subsequent reductions in
contrast were perceived as the appearance and disappear-
ance of a partially transmissive medium into this region
(i.e., regions that were initially clear appeared to become
ﬁlled with fog). These preliminary observations are consis-
tent with a temporal form of the TAP that states that the
highest-contrast region in space and time is used to deter-
mine the presence or absence of transparent surfaces and
media. The experiments that follow were performed to
quantitatively assess these observations and our contrast-
ratio model of perceived transmittance. To anticipate,
we ﬁnd that the TAP correctly predicts when transparency
is and is not perceived, and that it has both a spatial and
temporal component. However, in keeping with recent
data (Robillotto et al., 2002; Robillotto & Zaidi, 2004),
we ﬁnd that the ratio of Michelson contrasts fails
to capture perceived transmittance, because Michelson
contrast does not adequately capture perceived contrast
in our experimental displays. Nonetheless, the ratio of
perceived contrasts (i.e., local perceived contrast normal-
ized by the perceived contrast of the transmittance
anchor) does an excellent job of quantitatively modeling
the transmittance matches in our displays.
  High amplitude contrast modulation target
  Low amplitude contrast modulation target
  Match Pattern
A
B
C
Fig. 2. The main stimuli and method used in the experiments reported here. (A) An 8-bit random-dot pattern is contrast-modulated. To enhance the
percept of transparency, binocular disparity is added to the contrast envelope, and this envelope is translated across a stationary random-dot pattern
at a constant speed (cross fusers should fuse the right two images, divergers the left two). This generated vivid percepts of a transparent layer that
varied in opacity. (B) A low contrast variant of the stimulus. (C) An example of the matching pattern used to measure perceived transmittance. A
sinusoidal grating containing a lower-contrast central patch was used as a matching pattern. The phase and spatial frequency of the patch was
identical to the surround, but a disparity was added to the outer borders of the central patch to cause it to appear in front of the higher-contrast
surround. Observers adjusted the luminance range of the central sinusoidal patch until it appeared to match the perceived transmittance of the region
in the target.
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transparency
The purpose of Experiment 1 was to quantitatively mea-
sure perceived transmittance in stimuli that give rise to spa-
tially inhomogeneous percepts of transparency. Previous
experiments on the perception of transparency have used
stimuli depicting homogenous transparent layers. In this
experiment, we investigated the perception of transparency
in stimuli that give rise to percepts of transparent surfaces
that appear to vary in perceived transmittance. Our previ-
ous work (Singh & Anderson, 2002a) indicated that the
visual system uses the ratio of contrasts between the region
of transparency and the region seen in plain view to com-
pute the transmittance of transparent surfaces; We there-
fore used patterns that were contrast modulated with a
ﬁxed mean luminance. These images were viewed binocu-
larly, and an interocular phase oﬀset was introduced in
the contrast envelope to give it a disparity that caused itto appear clearly in front of the random-dot pattern. To
further enhance the percept of transparency, the contrast
modulation was spatially drifted across the random-dot
pattern. These manipulations generated a vivid percept of
an inhomogeneous transparent medium drifting across
and in front of a random-dot background.
3.1. Methods
3.1.1. Observers
Three experienced psychophysical observers participat-
ed in the experiments, two of the authors (J.M. and
M.S.), and one naive observer. All had normal or correct-
ed-to-normal vision.
3.2. Apparatus
The experiments were performed using a Macintosh G4
(500 MHz, dual processor) using VisionShell software to
1986 B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995generate the stimuli, control and execute each trial, and to
record responses.
The stimuli were presented on a 22 in. CRT (LaCie elec-
tron 22blueII) viewed through a stereoscope at a distance
of 100 cm. The resolution of the monitor was set to
1024 · 768, and the refresh rate to 85 Hz. Before each ses-
sion, the monitor was calibrated by a LaCie blue eye cali-
brator. The gamma of the monitor was set to 1.0, and
the gray levels were linearized from 0.7 cd/m2 (minimum
luminance or Lmin) to 100.5 cd/m
2 (maximum luminance
or Lmax) and stored in an 8 bit lookup table. The laCie blue
eye calibrator operates through a video cable that uses the
DDC 2bi VESA standard, which allows a two-way infor-
mation exchange between the Macintosh CPU and the
electron22blue monitor. The three Red, Green, and Blue
guns are calibrated individually inside the monitor.
3.3. Stimuli
The stimuli were contrast-modulated random-dot tex-
ture patterns. The contrast was varied in the horizontal
direction, creating vertical bands of contrast modulation
(Fig. 2). Two separate ranges of contrast were used that
we will refer to as ‘‘high’’ and ‘‘low’’ amplitudes (deﬁned
below). Fig. 2A depicts the stimulus with a high-amplitude
contrast modulation, and Fig. 2B shows the stimulus with
the low-amplitude modulation. The target stimulus and the
matching pattern were viewed against a uniform gray back-
ground of luminance 50.6 cd/m2.
The target consisted of a rectangular 8-bit random-dot
texture patch that subtended 4.8 horizontally and 2.5 ver-
tically. Each texture element was ﬁrst randomly assigned a
luminance value Lpix by sampling from a uniform-distribu-
tion between 0.7 cd/m2 (‘‘black’’) and 100.5 cd/m2
(‘‘white’’). The contrast of the texture was then modulated
in a sinusoidal fashion, using a contrast envelope deﬁned
by:
Envðx; tÞ ¼ min contrast=2þ ðA=4Þ  ½1þ sinðf  xþ hðtÞÞ.
ð1Þ
Here x is the horizontal location of a texture element; f is
the frequency of the sinusoidal envelope; h (t) is the phase
of the envelope (which depends on time t) and A is its
amplitude; min_contrast is the trough of the envelope,
which was set to .05 (or 5% contrast). The amplitude A
was set to ones of two values: 0.9 (for the ‘‘high’’ amp.)
or 0.4 (for the ‘‘low’’ amp.). The spatial frequency f of
the contrast modulation was 0.2083 c/deg of visual angle,
which resulted in one complete cycle of modulation along
the length of the target. For convenience, we will express
the horizontal location x in radians with 0 6 x 6 p (i.e.,
in terms of an element’s location along the sinusoidal cycle
of modulation). The transformation applied to the lumi-
nance values Lpix of the uniform-distribution texture in or-
der to generate the contrast-modulated display was thus
given by:UðLpixÞx;t ¼ Lmean þ 2  ðLpix  LmeanÞ  Envðx; tÞ; ð2Þ
where Lmean = 50.6 cd/m
2. The vertical gray band in the
targets (see Fig. 2) corresponds to the trough of the sinusoi-
dal modulation where the contrast is lowest (5%). The loca-
tion where the texture elements have the highest contrast
(95% or 45%) corresponds to the peak of the modulation.
For each frame (235 ms), the phase h decreased by p/24
radians, leading to a shift of 0.1 of visual angle to the left.
The contrast modulation thus drifted leftward (2nd order
motion) as the frames were shown in succession, whereas
the underlying random-dot pattern remained stationary.
The drift speed was 0.43 of visual angle per second.
A phase shift of 0.35p was introduced to the sinusoidal
contrast modulation between the left and the right eye,
thereby generating a near disparity of 50.4 min of arc.
When viewing the binocular image sequence through a ste-
reoscope, observers perceived a layer of inhomogeneous
transparent medium drifting to the left over a stationary
higher-contrast random-dot texture background.
3.4. Task
The observers’ task was to adjust the perceived transmit-
tance of a homogeneous transparent ﬁlter to match that of
the inhomogeneous transparent targets at various locations
(cf. Singh & Anderson, 2002a, 2002b). The matching pat-
tern (Fig. 2C) consisted of two concentric circular discs
of vertical sine wave gratings (0.8 c/deg) with identical ori-
entations, spatial frequency, and phases. The diameters of
the outer and inner discs subtended a visual angle of 5.0
and 2.5, respectively. The contrast of the outer disc was
set to the maximal contrast available to the monitor
(99%). The contrast (or luminance range) of the inner disc
was adjustable by moving a computer mouse. The mean
luminance of the inner and the outer discs were the same
(50.6 cd/m2). The inner disc presented to the left and the
right eye also had a p phase shift relative to the underlying
texture. This caused the inner disc to appear to ﬂoat in
front of the outer disc when viewed through the stereo-
scope. Since the inner disc also had a lower-contrast,
observers perceived it as a homogeneous transparent ﬁlter
ﬂoating in front of a circular patch of high-contrast sine-
wave grating.
At the beginning of each trial, a pair of vertical markers
was presented, above and below the contrast-modulated
random-dot pattern, indicating the horizontal location
along the target where the observer was to match the trans-
mittance of the transparent layer. The observers were
instructed to adjust the luminance range within the small
disc in the matching stimulus so that it appeared to have
the same perceived transmittance as the transparent media
ﬂoating between the markers in the target. Subjects were
allowed to view the stimuli as long as needed to make the
judgment. Sixteen locations along the horizontal extent of
the sinusoidal contrast modulation were randomly present-
ed twice in each session. Each observer completed eight
B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995 1987experimental sessions: four sessions of high-amplitude con-
trast modulation, and four sessions of low-amplitude con-
trast modulation.
3.5. Results
The results of Experiment 1 are depicted in Fig. 3.
Individual observer data were very similar, so the results
were averaged across the three observers. Each data point
thus represents the mean of 24 transmittance matches at
each of 16 locations along the axis of the contrast modu-
lation, and the error bars depict 95% conﬁdence intervals.
Each location is represented by its phase along the sinu-
soidal modulation. Fig. 3A shows the matches to the
high-amplitude contrast modulation, and Fig. 3B shows
the matches to the low-amplitude contrast modulation.
The transmittance values plotted on the y-axis are deﬁned
as the ratio of Michelson contrasts between the small disc,
set by the observers, divided by the surround (99%) in the
match (Singh & Anderson, 2002a). The solid lines in the
ﬁgure represent the sinusoidal contrast modulation of
the random-dot pattern. Note that the contrast at the
peaks of the modulation p diﬀers by more than a factor
of 2 in these two conditions (95% in a, and 45% in b).
However, subjects consistently assign essentially identical
transmittance values to these regions: 99.4% and 97.4%,
respectively, demonstrating that they are not simply
matching the contrast of the test and match patterns. In
essence, then, observers report these contrast peak regions
to be unobscured by a transparent surface region. We
refer to these locations as the ‘‘Spatial Transmittance
Anchors.’’ They correspond to the highest-contrast
regions along the surface, and in keeping with the TAP,
they are perceived as being unobscured by an intervening
transparent layer.0
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Fig. 3. Data from Experiment 1. The x-axis depicts the phase of the contrast m
in the target pattern. The y-axis depicts the transmittance values measured a
contrast of the matching pattern’s surround (hence this scale varies between
depicted in Figs. 2A and B. The solid green lines depict the contrast values in e
by their peak contrast. Note that although the contrast ranges in (A) and (B) d
essentially identical, and both contrast peaks were perceived to have  100%
perceived transmittance of all other regions of the test image were perceived as
(dashed red curve). (For interpretation of the references to color in this ﬁgureIn addition to providing experimental support for the
TAP, these data also provide information on how transmit-
tance values are scaled relative to the transmittance anchor.
The TAP predicts that transmittance should be computed
relative to the highest contrast in the target. If perceived
contrasts in this experimental context are determined by
Michelson contrast, the ratio of contrasts model would
predict that the perceived transmittance of transparent
layer should simply follow the Michelson contrast of each
target image normalized by the Michelson contrast of its
respective anchor. The dotted curves in Figs. 3A and B
depict the predicted transmittance values obtained by nor-
malizing the modulated contrast (solid curves) by 95% and
45%, respectively (i.e., relative to the maximal contrast of
each image). Note that the high and the low amplitude
modulation (Figs. 3A and B) have very diﬀerent absolute
contrasts (solid curves), but the normalized transmittance
predictions (dotted curves) are very similar. Indeed, the
matching data from these two conditions are essentially
identical, even though the target image’s maximal contrast
varied by a factor of 2.2. This provides unambiguous evi-
dence that observers are not simply matching the contrast
(or the individual luminance values) of the target and
match patterns, as these would yield very diﬀerent patterns
for the 95% and 45% contrast conditions. Indeed, to match
the perceived transmittance of the maximal contrast region
of the low contrast target to the high contrast match,
observers set the luminance range of the match to full con-
trast (‘‘black’’ and ‘‘white’’), whereas the pixel values in the
target appeared to be two mid shades of grey.
Note, however, that apart from the spatial transmit-
tance anchor where the contrast was at its peak, subjects
consistently overestimate the transmittance of the media
at all other locations (i.e., the transparent layer is per-
ceived as more transmissive than predicted by the ratio  Low Amplitude Contrast Modulation
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ach display, and the dotting red lines depict the contrast values normalized
iﬀered by more than a factor of 2, the matched transmittance curves were
transmittance (i.e., they appeared in plain view). Note, however, that the
more transmissive than predicted by a ratio of Michelson contrasts model
legend, the reader is referred to the web version of this paper.)
Fig. 4. The stimuli used in Experiment 2. The two contrast ranges used in
Experiment 1 served as the endpoints of a temporal sequence in which the
entire amplitude of the contrast envelope varied in time. Three steps in this
temporal sequence are depicted in (A–C), and the two endpoints of the
contrast envelope are depicted in (D). In this stimulus, observers report the
appearance and disappearance of a transparent haze into the highest
contrast region of the random-dot texture when the contrast of this region
decreased and increased, respectively. Their task was to match the
perceived transmittance of the target when the contrast proﬁle was at its
minimum.
1988 B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995of Michelson contrasts). This overestimation increases as
distance from the anchor increases. This pattern of overes-
timation is observed in every subject’s individual data, and
also in all subsequent experiments. We will explore the
possible cause(s) of this pattern of transmittance matches
in a series of control experiments described below.
In sum, the data from this experiment support the
TAP’s prediction that the highest-contrast region in an
image is perceived as a region in plain view. But the results
of this experiment also raise an intriguing question. When
the low-amplitude contrast modulation was viewed within
a separate spatial context, its highest-contrast region
(45% contrast) was perceived to be fully transmissive
(Fig. 3B). What will happen then if the low-amplitude con-
trast modulation is embedded in a temporal sequence of
higher-amplitude contrast modulations? Will the percep-
tion of transmittance vary as a function of time, or will
transmittance remain unaﬀected, and only the underlying
surface lightness values appear to change? The purpose
of Experiment 2 is to address this question.
4. Experiment 2: Temporal anchoring of perceived
transmittance
Experiment 1 revealed that the highest-contrast region
in an image is used to compute the surface region in plain
view. In Experiment 2, the two stimuli used in Experiment
1 serve as the endpoints of a temporal sequence in which
the contrast of the entire image is continuously modulated
over time. The primary question investigated is whether the
highest-contrast region in the lowest-contrast image will
still appear as a surface in plain view (that changes its per-
ceived lightness values), or whether the contrast changes
will induce a percept in which the underlying surface
appears to be partially obscured by a transparent surface.
4.1. Methods
4.1.1. Observers
The same three observers that participated in Experi-
ment 1 served as observers in Experiment 2.
4.2. Stimuli
Fig. 4 depicts one of the eight amplitudes of contrast
modulation used in this experiment. The visual angle of
the target was 7.2 horizontally, and 2.5 vertically. The
sinusoidal contrast modulation was the same as in Experi-
ment 1, except that with each frame, the amplitude of the
modulation of the entire pattern changes. The amplitude
in Figs. 4A and C corresponds to the low-amplitude
(Amin = 0.4) and the high-amplitude (Amax = 0.9) used in
Experiment 1. The trough of the modulation was clamped
at 5% contrast. Eight contrast amplitude values in total
were used cycling between Amax and Amin with 0.0625 incre-
ments or decrements. For example, if the ﬁrst frame had a
contrast modulation amplitude of 0.4, the next framewould have a higher amplitude at 0.4625. The contrast
amplitude would continue to increase in increments of
0.0625 with successive frames (235 ms/frame) until it
reached Amax; it would then decrease in decrements of
0.0625. The contrast amplitude of the entire pattern was
therefore varied as a triangle wave. It took a total of
3.76 s for a single cycle of contrast modulation (i.e., for
the amplitude of the modulation to rise from Amin to Amax,
and back down to Amin). Fig. 4D depicts the proﬁle of the
sinusoidal contrast modulations plus the amplitude modu-
lation in time. Notice that as the amplitude was lowered in
time, the slope along the contrast modulation becomes
shallower. This stimulus change induced a percept of drift-
ing bands of transparent media spreading vividly into the
clear region every time the amplitude was lowered. Such
intrusions receded every time the amplitude was increased.
The drift speed of the contrast modulation was the same as
in Experiment 1 (0.43 of visual angle per second).
B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995 19894.3. Task
The observers’ task was similar to that in Experiment 1.
Observers adjusted the perceived transmittance of a small
homogeneous ﬁlter in the center of the matching pattern
to equal that of the media between the markers above
and below the target. However, matches were restricted
to the point in the temporal sequence of the contrast mod-
ulation where the amplitude was at its minimum
(Amin = 0.4). This particular moment in time was also
accompanied by an auditory tone to remind observers
which time slice in the sequence they were to judge. Sub-
jects were instructed to match the transmittance at the
point in the sequence where the peak contrast was minimal,
which would also be indicated by a tone. They were
allowed to view as many cycles as needed until they were
satisﬁed with their settings. Sixteen locations along the
contrast modulation were repeated randomly twice in each
session. Four sessions were completed by each observer.
4.4. Results
Fig. 5 shows the mean transmittance settings for the
three observers when the amplitude of the contrast modu-
lation was at its minimum. Sixteen locations along the con-
trast modulation were measured and the error bars
represent 95% conﬁdence intervals. The solid lines depict
the contrast proﬁles of the maximum and minimum ampli-
tude displays used in the temporal sequence. The upper
dashed line depicts the transmittance match for the low-
amplitude (Amin = 0.4) contrast modulation from Experi-
ment 1 (same as in Fig. 3B). The critical test of the tempo-
ral version of the TAP occurred at the spatial contrast peak
of the sinusoidal modulation. In this experiment, the
matched transmittance dropped from 97.4% to 78.1%.
Thus, by embedding the low contrast pattern in a temporalTemporal Anchoring Results
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Fig. 5. The results of Experiment 2. The solid lines depict the two contrast
ranges present at ends of the temporal modulation of the contrast
envelope. The dashed line depicts the results of the data from Experiment
1 for the low contrast stimuli (i.e., the stimulus that was identical to the
contrast values the observers judged in Experiment 2). Note the reduction
(downward shift) in perceived transmittance of the target when it is
embedded in a higher-contrast temporal sequence. We refer to this
reduction in perceived transmittance as the ‘‘temporal anchoring eﬀect.’’sequence of higher-contrast images, the perceived transmit-
tance of the modulation was substantially reduced. This
implies that transmittance is not only anchored to the high-
est-contrast region in space, but is also anchored to higher-
contrast regions that precede it in time. We will return to
the issue of how transmittance is scaled quantitatively in
time below.
5. Experiment 3
To measure the time course of temporal anchoring, we
repeated Experiment 2 and varied the time it took to cycle
between the highest and lowest contrasts in the sequence
(i.e., from Amin to Amax, and back to Amin). We used a fast-
er cycle that took 0.94 s, and a slower one that took 22.56 s
(and a 2 day delay marked ‘‘inﬁnite’’ on the graph). Fig. 6
shows the resulting decrease in perceived transmittance
that occurred by embedding the lower-contrast image in
a temporal sequence of higher-contrast images, as a func-
tion of cycle time (averaged over the same three observers
that participated in Experiments 1 and 2). We refer to this
change in transmittance as the ‘‘temporal anchoring
eﬀect.’’ As in the previous experiments, transmittance is
deﬁned as the ratio of Michelson-contrast of the matching
pattern relative to its surround. It can be seen that tempo-
ral anchoring signiﬁcantly decreases as the duration of the
sequence increases. This makes intuitive sense; in the limit
as the temporal change becomes inﬁnitely slow, the images
become equivalent to a series of static images, and tempo-
ral integration does not occur. In such contexts, the visual
system treats the changes in contrast as arising from chang-
es in the reﬂectance of the underlying surface rather than
arising from the appearance and disappearance of partially
transmissive media. Thus, when the change in contrast
takes place over an extended time period, observers re-an-
chor their estimates of transmittance, which approach the0
5
10
15
20
25
30
0 5 10 15 20 25 30 2 days
~
~Te
m
po
ra
l A
nc
ho
rin
g 
M
ag
ni
tid
ue
(%
 tr
an
sm
itta
nc
e i
nc
rea
se)
Time (seconds) 
Time Course of Temporal Anchoring
Fig. 6. The temporal anchoring eﬀect measured as a function of time.
Experiment 2 was repeated for a number of diﬀerent temporal intervals of
the (triangle-wave) oscillation between the highest and lowest contrast
envelope. The data demonstrate that there is a clear dependence on the
time taken for the contrast changes to occur, monotonically decreasing as
the temporal interval of the contrast change increases.
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Fig. 7. Results of the control experiment (Experiment 4) to determine
whether the diﬀerence in the spatial frequency content of the target and
matching pattern was responsible for the apparent overestimation of
transmittance values (relative to the predictions of the ratio of Michelson
contrast model) of the target textures at values other than the anchor point.
Observers simply matched the contrast of the target to the matching
pattern. No reliable diﬀerences in contrast matches were observed in the
regions where transmittance overestimation was observed in Experiment 1.
1990 B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995values obtained in the low-amplitude contrast-modulation
condition in Experiment 1.
In sum, the results of Experiments 1–3 reveal that the
anchoring of perceived transmittance has both a spatial
and temporal component. In Experiment 1, the highest-
contrast region in space served as the transmittance anchor
in these images, and in Experiments 2 and 3, we found that
higher-contrast regions in the temporal sequence also had
an impact on the perceived transmittance in the lowest con-
trast image (we will return to the problem of quantitatively
estimating the amount of temporal anchoring that occurs
below). However, the measured transmittance values at
the lower-contrast locations in Experiment 1 raise the
puzzle as to how transparency is scaled in these images.
Singh and Anderson (2002a) showed that the perceived
transmittance of a transparent ﬁlter layer with sharp edges,
over a sinusoidal-grating pattern (such as the matching dis-
play used here) is well captured by the Michelson contrasts
in the transparent region normalized by that of its sur-
round. However, in the experiments reported here, we
observed a systematic overestimation relative to these
predictions for every value except the region of highest con-
trast predicted by the TAP to appear as a surface in plain
view. What is responsible for these deviations? The exper-
iments that follow are designed to answer this question.
5.1. Determining the cause of transmittance overestimation
There are two broad explanations for the pattern of
transmittance matches observed in the ﬁrst two experi-
ments. One possibility is that deviations from the con-
trast-ratio model of transmittance arose because the
contrast model fails to capture perceived transmittance in
complex spatial patterns, i.e., patterns containing inhomo-
geneous percepts of transparency. Alternatively, the match-
ing errors could be due to a misperception of contrast in
either the target or in the matching stimulus (with respect
to the Michelson-contrast prediction), giving rise to sys-
tematic errors in transmittance matches. We therefore per-
formed a number of experiments to determine whether the
pattern of transmittance matches observed in these experi-
ments could be attributed to systematic diﬀerences in the
perception of contrast in diﬀerent spatial patterns.
6. Experiment 4
Our ﬁrst control experiment was designed to investigate
whether the diﬀerence between the textures used for the tar-
get and the matching pattern played any role in the trans-
mittance matches. In Experiments 1–3, the textures of the
target and the matching displays had been deliberately cho-
sen to be diﬀerent to prevent observers from making
adjustments based solely on local image similarities. How-
ever, this raises the possibility that the contrast of diﬀerent
texture patterns were perceived diﬀerently. Indeed, contrast
sensitivity for the target and the match may diﬀer signiﬁ-
cantly because of their spatial frequency content (Campbell& Robson, 1968; Carlson, Cohen, & Gorog, 1977; George-
son, 1991; Robson, 1966).
To test this possibility, two naı¨ve observers were recruit-
ed to perform a simple contrast matching experiment. The
target consisted of a random-dot texture pattern with a sin-
gle contrast randomly chosen from the values measured in
Experiment 1. The match was a single circular patch of a
sine-wave grating with the same spatial frequency and size
used in the experiments. The grating was also randomly
assigned a contrast value between 0% and 95%. Both pat-
terns were viewed against a uniform gray background with
a mean luminance of 50.6 cd/m2. The observers were
instructed to adjust the disc’s contrast to match that of
the target. Fig. 7 shows the result of the contrast match
between the two textures tested. It can be seen that there
is no systematic bias in the perception of contrast across
the two diﬀerent texture patterns used; the curves are essen-
tially identical. We therefore conclude that the diﬀerence in
texture is not playing a signiﬁcant role in the pattern of
transmittance matches we observed.
7. Experiment 5
Our second control experiment involved testing the
inﬂuence of transmittance anchoring on the matching dis-
play used in Experiments 1 and 2. The transmittance
anchoring principle applies to both the target and match
displays used in our experiments. In the low-amplitude
contrast modulation (Fig. 2B), the highest contrast in the
target was 45%, but the highest contrast in the match
pattern was 99% (which was the same in all experiments).
Our previous work (Singh & Anderson, 2002a) revealed
that the visual system uses Michelson contrast to scale per-
ceived transmittance, but in those experiments, the sur-
round contrast was the same in the target and match
B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995 1991patterns. Does the high-contrast surround in the match pat-
tern aﬀect the perceived transmittance anchor in a lower-
contrast target?
To address this question, the low-amplitude contrast-
modulation condition in Experiment 1 was repeated by
two of the original three observers (R.F. and J.M.). The
contrast of the outer disc in the match was set to 45%
(Fig. 8A) instead of the value of 99% used in Experiments
1 and 2. Thus, the observers had to set the contrast of the
inner small disc lower than 45% to perceive the central
region to be transparent. The same 16 locations were mea-
sured along the contrast modulation. The results of the
transmittance matches at these locations are plotted in
Fig. 8B with 95% conﬁdence interval across the two sub-
jects. The bottom solid line represents the proﬁle of the
contrast modulation of the target. The upper dashed line
marks the transmittance matches recorded in Experiment
1, where the outer disc of the match pattern was set at
99% contrast. Note that the raw data from these experi-
ments are markedly diﬀerent. This is to be expected, as
transparency will only be perceived in the central target
of the current experiment for contrast values below 45%,
whereas transparency will be perceived for any contrast
values below 99% in the ﬁrst experiment. However, if the
contrast matches of the ﬁrst experiment are rescaled (by
multiplying by 0.45 (or more precisely, (45/99) = .455)),
it can be seen that the data from these two experiments
are indistinguishable. The dashed line with asterisk sym-
bols depicts the result of this normalization. The identity
of the normalized data from these two experiments indi-
cates that the high-contrast surround in the match pattern
does not aﬀect the perceived-transmittance matches in the
target pattern.0
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judgments of transmittance in the target. The low contrast matching conditi
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demonstrating that the high contrast in the surround used in Experiment 1 did n
to color in this ﬁgure legend, the reader is referred to the web version of this8. Experiment 6
Our last experiment was designed to assess the possibil-
ity that the contrast in the matching pattern was misper-
ceived. One reason to be concerned about the perception
of contrast in the matching pattern is that such patterns
have been shown to give rise to transformations in per-
ceived contrast. Indeed, our matching pattern was one of
the original stimuli used to study the contrast–contrast
eﬀect (wherein a medium-contrast texture appears to be
lower in contrast when surrounded by a higher-contrast
texture; see Ejima & Takahashi, 1985; Chubb, Sperling,
& Solomon, 1989). Yu, Klein, and Levi (2001) have recent-
ly reported a series of experiments using stimuli that were
identical to those used in our matches to study this contrast
eﬀect. They reported that the perceived contrast of the cen-
ter was lowered when the higher-contrast sine-wave grating
from the surround shared the orientation with the center
(Fig. 9B). This kind of misperception could cause the inner
disc of the match pattern to be set to a higher Michelson
contrast, which would be tantamount to an overestimation
in transmittance in our studies.
To assess this possibility, the low-amplitude contrast-
modulation condition was repeated (Fig. 9). The equip-
ment used and the experimental conditions were identical
to Experiment 1. In this experiment, observers were
required to simply adjust the contrast of the inner disc of
the matching display to match the contrast of a sinusoidal-
ly contrast-modulated random-dot pattern at a location
indicated by markers above and below a region of the ﬁg-
ure (Fig. 9A). In this context, we wanted to minimize the
percept of transparency and any eﬀects such percepts could
have on observer’s adjustments, so these images were.75 1 1.25 1.5 1.75
Low amplitude contrast
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ines indicate the contrast values of the target texture, and the red curve
obtained when using the matching pattern with the high contrast surround
y will only appear transparent for contrast values lower than the surround
d by this scale factor, it can be seen that the data are indistinguishable,
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Fig. 9. The results from Experiment 6. Observers matched the perceived
contrast of a nonstereoscopic variant of the target (A) using one of three
matching patterns (B–D). In (B), the central target patch was of the same
orientation, frequency and phase as the surround; in (C), the orientation
of the surround was rotated 90; and in (D) the surround grating was
removed. Observers had to set the matching pattern to a much higher-
contrast for the types of matching patterns used in our experiments (B),
indicating that the contrast of the matching pattern used in our
experiments was systematically underestimated.
3 The best-ﬁtting curve was determined by linear regression of the
contrast/transmittance matches y on the transformed variable
s = sin(x  p/2).
1992 B.L. Anderson et al. / Vision Research 46 (2006) 1982–1995viewed without any binocular disparity. Three kinds of
match patterns were used (Figs. 9B–D). The ﬁrst match
pattern (panel B) was the same as in the previous experi-
ments, where the orientation of the match’s outer disc
was the same as the inner one. In the second match pattern
(panel C), the orientations of the outer and inner discs were
orthogonal. The third match (panel D) was simply the
inner disc alone. The same three observers used in Experi-
ments 1–3 participated in this experiment.
Fig. 9E shows the data from this experiment. The bot-
tom solid curve represents the (Michelson) contrast of the
low-amplitude sinusoidal modulation at 16 diﬀerent loca-
tions along the horizontal extent of the target. The three
lines, with 95% conﬁdence intervals, show the results of
the contrast matching using the three diﬀerent match dis-
plays. It can be seen from Fig. 9E that the presence of
the outer disc elevates the contrast matches of the center.
This eﬀect is strongest when the outer and inner discs share
the same orientation (panel B), and less so when the orien-
tations of the two discs are orthogonal (panel C). When the
inner disc was used alone (panel D), the matched contrast
was closest to the actual contrast of the target. Thus, the
contrast of the matching pattern used in Experiments 1
and 2 is systematically underestimated. On the face of it,
the pattern of overestimation observed in the contrast
matches in the present experiment is quite diﬀerent from
that of in the transmittance matches in Experiments 1
and 2, in that the overestimation of contrast is the same
at all locations. This also demonstrates (again) that observ-
ers are not simply matching contrast per se when they are
making transmittance matches, as this would result in the
pattern of data observed in Fig. 9E. The question remains,
however, whether this pattern of contrast matches accounts
for the transmittance matches in Experiments 1 and 2.Our model provides an explicit means to transform the
data in this experiment to account for the transmittance
matches in our previous experiments. Speciﬁcally, the
TAP and our contrast-ratio model predict that the per-
ceived transmittance of a transparent layer is determined
by the ratio of contrasts between the region of transparen-
cy and the region seen in plain view. In our previous work
(Singh & Anderson, 2000, 2002a), our test and match dis-
plays contained the same geometric properties and the
same background, so any misperception of contrast in
these displays would be the same for the test and matching
displays. In the ratio-of-contrasts model, this implies that
any misperception of the central-patch contrast would be
represented by a common scale factor that would simply
cancel out when computing the ratio of these values. How-
ever, in the present experiments, we cannot assume such a
simple relationship in the perception of contrast in our test
and matching patterns. The question, then, is whether the
ratio of perceived contrasts in the region of transparency
to the region seen in plain view accounts for the pattern
of transmittance matches observed in Experiments 1–3
(cf. Robillotto et al., 2002; Robillotto & Zaidi, 2004). To
answer this question, we need to transform the data of con-
trast matches observed in Fig. 9E by scaling these matches
by the highest perceived contrast in these images, i.e., by
dividing each data point in Fig. 9E by the peak contrast
setting of this curve. This is tantamount to expressing the
ratio-of-contrasts model in terms of the ratio of perceived
contrasts.
To test this hypothesis, we normalized the contrast
matches from Experiment 6 (condition b; see Fig. 9E) by
the peak contrast of these contrast matches (i.e., we divided
each data point in Fig. 9E by the peak contrast of this
curve). The peak was estimated based on the best-ﬁtting
sinusoidal curve to the contrast data (i.e., of the form
y = a + b sin (x  p/2))3—yielding a value of 0.76. When
the contrast data were normalized by this value, the result-
ing curve (solid blue curve in Fig. 10) was found to be
essentially indistinguishable from the best-ﬁtting sinusoidal
curve to the transmittance data from Experiment 1 (dashed
red curve in Fig. 10). Thus, a model based on the ratio of
perceived contrasts provides an excellent account of the
perceived transmittance of inhomogeneous transparent
surfaces. The visual system both anchors the spatially max-
imal contrast in an image to full transmittance, and it scales
perceived transmittance in other image regions by normal-
izing perceived contrast by this spatial anchor.
8.1. Spatiotemporal anchoring
The analysis in the preceding section revealed that a
ratio of perceived contrast model, together with the trans-
mittance anchoring principle, provides an excellent account
Fig. 10. Analysis revealing that a ratio of perceived contrasts model fully
explains the transmittance matches from Experiment 1. Best ﬁtting
sinusoids were ﬁt to the data from Experiment 1 (dashed red curve) and
from Experiment 6 (dashed blue curve). When the perceived contrast of
the matching pattern is normalized by its highest contrast value (solid blue
curve), these data are indistinguishable from the transmittance matches
from Experiment 1 (i.e., the dashed red curve is essentially identical to the
solid blue curve). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this paper.)
Fig. 11. A curve estimating the magnitude of the temporal anchoring
eﬀect. See text for details.
4 We are in fact being conservative in our estimate of temporal
anchoring by assuming that the perceived contrast at the highest-
modulation peak is 100%. Under the assumption of no overestimation
in this case (i.e., perceived contrast at the highest-modulation
peak = 95%), the estimated extent of temporal anchoring in Experiment
2 would be 95.9% rather than the 79.92% derived above. (The maximal
temporal eﬀect would be 1–0.76/0.95, i.e., 0.2, and the estimated extent of
temporal anchoring obtained would therefore be 0.1918/0.20, i.e., 95.9%
of maximal eﬀect.)
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transparent media. What can be said about the temporal
anchoring observed in Experiments 2 and 3? According
to the spatiotemporal version of the anchoring principle,
the highest contrast in a spatiotemporal sequence is
anchored to full transmittance. The scaling of perceived
transmittance is then computed by normalizing image con-
trast with respect to this spatiotemporal anchor.
To quantify the extent of temporal anchoring in Exper-
iments 2 and 3, we express the observed temporal anchor-
ing eﬀect as a percentage of the maximal anchoring
possible—i.e., based on normalizing perceived contrast
with respect to the highest contrast in the entire temporal
sequence. To do this, we ﬁrst specify the two ends of the
scale. If there is no temporal anchoring (i.e., the anchor is
computed de novo on each frame), the perceived transmit-
tance would be scaled simply by the spatially highest con-
trast within the current frame. This means that, in the
lowest-modulation frame in which measurements were
obtained, the perceived transmittance at its contrast peak
would be 100%—since this is the spatial anchor for this
frame. (The results of Experiment 1 showed that this is
indeed what happens when this frame is presented in isola-
tion; see the red curve in Fig. 11.) At the other end of the
spectrum, if transmittance is scaled by normalizing per-
ceived contrast by the spatiotemporally highest contrast
in the entire image sequence, the predicted transmittance
would be given by the perceived contrast at the lowest-
modulation peak normalized by the perceived contrast
at the highest-modulation peak. Given the substantial
overestimation of apparent contrast observed in Experi-ment 6, one may reasonably assume that the perceived
contrast at the highest-modulation peak is essentially
100%.4 As a result, the perceived transmittance at the
lowest-modulation peak is predicted simply by its perceived
contrast-shown in the solid blue curve in Fig. 11 (ﬁtted
to the contrast-matching data from Experiment 6, condi-
tion b). Its peak, as we noted above, is 0.76. Thus, the
maximal temporal eﬀect possible in the current context is
the diﬀerence between the two ends of the scale, namely,
0.24.
To measure the extent of temporal anchoring in Exper-
iment 2, we estimate the peak of transmittance-matching
data by ﬁtting a sinusoidal curve to it (dashed black line
in Fig. 11). This peak is found to be 0.8082, which implies
that the obtained magnitude of temporal anchoring in
Experiment 2 is 0.1918. This is 79.92% of the maximal tem-
poral anchoring possible (0.24). Thus, normalization with
respect to the spatiotemporally highest contrast in the
image sequence explains a large proportion of the temporal
anchoring observed. As the results of Experiment 3
revealed, the magnitude of temporal anchoring varies sys-
tematically with the timing parameters of the image
sequence. Applying the above analysis to the data with
diﬀerent cycle durations, the extent of temporal anchoring
was found to increase to 95.24% of maximal possible for
the higher-speed condition (cycle time = 0.94 s), and
decrease to 34.73% of maximal possible for the lower-speed
condition (cycle time = 22.56 s).
1994 B.L. Anderson et al. / Vision Research 46 (2006) 1982–19959. General discussion
The results described herein reveal new insights into the
computations underlying the perception of transparency.
One of the primary goals of the reported experiments was
to test the TAP’s ability to predict when image regions will
be perceived in plain view. In Experiment 1, we found that
the TAP correctly predicted that the highest-contrast region
of a texture appears in plain view, independently of its abso-
lute contrast. In this experiment, observers provided the
same pattern of transmittance matches for test images that
varied in contrast by more than a factor of 2, which clearly
would not have occurred if observers were simply matching
contrasts of the two regions. Experiment 2 revealed that
transmittance anchoring also has a temporal component:
the highest-contrast region of the low-contrast pattern used
in Experiment 1 no longer appeared in plain view when it
was embedded within a temporal sequence that contained
a series of higher-contrast regions. We found that the tem-
poral anchoring eﬀect varied as a function of the time
elapsed between the highest-contrast frame and the mea-
surement frame (or equivalently, by the speed of the con-
trast modulation). Although more research is required to
determine the precise cause and characterization of these
temporal eﬀects, the main point that can be concluded here
is that transmittance anchoring also has a temporal compo-
nent. Finally, we found that a model based on the ratio of
perceived contrasts provides an excellent quantitative ﬁt
to observer’s transmittance matches in displays generating
percepts of spatially inhomogeneous patterns.
The concept of transmittance anchoring was shaped and
partially inspired by the concept of lightness anchoring
discussed by Land andMcann (1971) and developed by Gil-
christ and colleagues (see, e.g., Gilchrist et al., 1999). In the
lightness domain, this idea refers to the mapping from
image luminance onto perceived surface reﬂectance. This
problem is diﬃcult because image luminance is a product
of illumination and reﬂectance; some computational strate-
gy is required for the visual system to determine how to
parse image luminance into these two distinct sources. Gil-
christ and colleagues have argued that the visual system
accomplishes this goal by applying grouping principles to
decompose images into regions, and then applying anchor-
ing principles to these grouped regions (‘‘frameworks’’) to
infer surface reﬂectance. There is now a substantial body
of data that show that the visual system appears to have a
bias to interpret the most reﬂective surface in a scene as
white, even when it is not (see Gilchrist et al., 1999 for a
review). This ‘‘highest luminance is white’’ rule is conceptu-
ally related to the ‘‘highest contrast region of the scene is a
surface in plain view’’ expressed by the TAP. There is, how-
ever, a principled diﬀerence between the two types of
anchoring principles. The anchoring of the highest lumi-
nance to white in perceived reﬂectance is simply an empiri-
cally derived principle; no justiﬁcation has yet been given
for why this particular form of anchoring is used by the
visual system over any other form of anchoring (such asinterpreting the lowest luminance to black, or the average
luminance as grey, or any other imaginable rule). In contra-
distinction, the TAP can be viewed as a form of ‘‘Occam’s
razor’’ in transparency perception (Anderson, 2003). It
asserts that the visual system assumes the minimal number
of surfaces needed to explain the image data.
The core intuition shaping the TAP is the idea that the
visual system will only infer the presence of a transparent
surface or medium if there is some perturbation in the con-
trast of surfaces or contours that provides evidence for its
presence. So expressed, it is not simply a photometric con-
straint on image interpretation (i.e., one that relies solely
on relative image intensities), but rather, is a.photo-geomet-
ric constraint (i.e., one that relies on a combination of geo-
metric and photometric properties). In some displays, this
constraint can be well captured by considering the contrast
relationships that occur along contours (Anderson, 1999,
2003) or along both contours and textures (Singh & Ander-
son, 2002a, 2002b). Crucially, however, it is not a principle
that is applied over the entire image. This can be readily
appreciated by considering a scene containing a variety of
patterned objects that generate diﬀerent image contrasts.
In such contexts, lower contrasts are not (necessarily) per-
ceived as veiled, but rather, as possessing lower lightness
contrasts. Thus, the TAP must act relatively locally in dis-
tinguishing portions of a scene that are in plain view, from
those that are veiled by transparent surfaces or media.
One of the main predictions of the TAP is that the visual
system uses relative contrast in space and time to determine
whether a transparent layer is present or not. An intriguing
clinical example that reveals the consequences of the TAP
occurs in the formation of cataracts. The clouding of the
lens during the formation of cataracts takes years to devel-
op, leading to a very slow degradation of the contrast of the
image over a span of roughly 20 years. Patients aﬄicted
with cataracts do not usually report perceiving cloudy
media in their visual world unless the cataract covers only
a restricted portion of their visual ﬁeld. Immediately follow-
ing surgery, however, patients typically report a dramatic
increase in their perceived contrast of the world. The rela-
tive homogeneity of the cataract, combined with the tempo-
ral sluggishness of its onset, apparently prevents patients
from being aware of this slowly developing disability.
In sum, the TAP and the ratio of perceived contrast
models provide a coherent quantitative account of the per-
ception of surface transmittance in partially transmissive
media and surfaces. Further research is needed to deter-
mine how other properties of transparent surfaces are com-
puted (including their lightness), as well as determining the
critical variables responsible for the temporal eﬀects
observed in the experiments reported herein.References
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